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We explore repulsive Fermi polarons in one-dimensional harmonically trapped few-body mix-
tures of ultracold atoms using as a case example a 6Li-40K mixture. A characterization of these
quasiparticle-like states, whose appearance is signalled in the impurity’s radiofrequency spectrum, is
achieved by extracting their lifetime and residua. Increasing the number of 40K impurities leads to
the occurrence of both single and multiple polarons that are entangled with their environment. An
interaction-dependent broadening of the spectral lines is observed suggesting the presence of induced
interactions. We propose the relative distance between the impurities as an adequate measure to
detect induced interactions independently of the specifics of the atomic mixture, a result that we
showcase by considering also a 6Li-173Yb system. This distance is further shown to be indicative of
the generation of entanglement independently of the size of the bath (6Li) and the atomic species
of the impurity. The generation of entanglement and the importance of induced interactions are
revealed with an emphasis on the regime of intermediate interaction strengths.
I. INTRODUCTION
The properties and interactions of impurities immersed
in a complex many-body (MB) environment represents
a famous example of Landau’s quasiparticle theory [1].
The concept of a polaron, where an impurity immersed
in a bath couples to the excitations of the latter form-
ing an effective free particle, plays a central role in our
understanding of quantum matter. Applications range
from semiconductors [2], high Tc superconductors [3],
and liquid Helium mixtures [4, 5] to polymers and pro-
teins [6, 7]. Population imbalanced ultracold Fermi gases
[8] with their tunable interactions, offer an ideal platform
for studying the impurity problem as well as the effective
interactions between Fermi polarons.
Most of the experimental and theoretical studies on
this topic have initially been focusing on attractive Fermi
polarons [9–14]. Only very recently quasiparticle forma-
tion in fermionic systems associated with strong repul-
sive interactions have been experimentally realized first
in the context of narrow [15] and subsequently for uni-
versal broad Feshbach resonances [16, 17]. They have
triggered a new era of theoretical investigations regard-
ing the properties of repulsive Fermi polarons [18–25].
These metastable states–that can decay into molecules
in two- and three-dimensions (3D)–are of fundamental
importance since their existence and longevity offers the
possibility of stabilizing repulsive Fermi gases. As a
result exotic quantum phases and itinerant ferromag-
netism [26–33] could be explored. While for finite im-
purity mass Fermi polarons constitute well-defined quasi-
particles in these higher dimensional systems [34–36], the
quasiparticle picture is shown to be ill-defined in the ther-
modynamic limit of one-dimensional (1D) settings [37–
39]. However, important aspects of the physics in this
limit have been identified in few-body experiments evad-
ing such difficulties [40, 41]. Besides the fundamental
question of the existence of coherent quasiparticles in
such lower dimensional settings [41–53], far less insight
is nowadays experimentally available regarding the no-
tion of induced interactions between polarons [54–65]. In
this direction, 1D systems represent the cornucopia for
studying effective interactions between quasiparticle-like
states, since their role is expected to be enhanced in such
settings [39].
In this work, we simulate the experimental process of
reverse radiofrequency (rf) spectroscopy [15, 16, 66, 67]
using as a case example a mixture consisting of 40K
Fermi impurities coupled to a few-body 6Li Fermi sea
and demonstrate the accumulation of polaronic proper-
ties. We predict and characterize the excitation spectrum
of these states and derive their lifetimes and residua.
Most importantly here, we identify all the dominant mi-
croscopic mechanisms that lead to polaron formation.
By increasing the number of 40K impurities immersed
in a 6Li bath, we verify the existence of single as well
as multi-polaron states both for weak and strong inter-
species repulsion. In line with recent studies [16, 68] the
presence of induced interactions between the polarons is
indicated by a positive resonance shift further accompa-
nied by a spectral broadening. However, the non-sizeable
nature of this shift, being of the order of 2%, suggests
that in order to infer about the presence of induced in-
teractions an alternative measure is needed. Inspecting
the relative distance between the resulting quasiparticles,
a quantity that can be probed experimentally via in-situ
spin-resolved single-shot measurements [69], we observe
its decrease which concordantly dictates the presence of
induced interactions [70]. The latter are found to be at-
tractive despite the repulsive nature of the fundamental
interactions in the system. This fact persists upon en-
larging the fermionic sea [57] and considering different
2atomic species. We find that the decrease of the rela-
tive distance is inherently connected to the generation
of entanglement. The von-Neumann entropy [71] reveals
equally the entanglement and is sensitive to the number
of impurities.
This work is structured as follows. Section II presents
our setup and many-body treatment. In Section III we
discuss the excitation spectrum of the fermionic mix-
ture and identify polaronic states. We also extract their
residues and lifetimes. In Section IV we quantify the de-
gree of entanglement between the impurity atom(s) and
the bath. The induced interactions between the two im-
purity atoms are analyzed and related to the generation
of entanglement. We summarize our findings and provide
an outlook in Sec. V. Appendix A contains a discussion
of our numerical implementation regarding the process of
rf spectroscopy. The applicability of the employed model
in the context of effective range corrections is shown in
Appendix B. Appendix C showcases the behavior of the
energy of the polaron versus the particle number of the
bath. Finally, in Appendix D we provide further details
of our numerical findings presented in the main text.
II. THEORETICAL FRAMEWORK
A. Model System
Our system consists of NL = 5 spinless
6Li fermions
each with massmL, which serve as a bath for the spin-1/2
NK = 1, 2
40K impurities of mass mK . Each species is
trapped in a 1D harmonic potential with frequency ωK =
0.6 ωL in line with previous
6Li-40K experiments [68, 72–
74]. The MB Hamiltonian of the system reads
Hˆ = Hˆ0L +
∑
a
Hˆ0a + HˆI + HˆS , (1)
where Hˆ0L =
∫
dx Ψˆ†L(x)
(
− ~22mL d
2
dx2 +
1
2mLω
2
Lx
2
)
ΨˆL(x),
is the Hamiltonian describing the trapped mo-
tion of the majority 6Li atoms with trap fre-
quency ωL. The corresponding non-interacting
Hamiltonian of the minority 40K atoms is
Hˆ0a =
∫
dx Ψˆ†a
(
− ~22mK d
2
dx2 +
1
2mKω
2
Kx
2
)
Ψˆa(x), where
a = {↑, ↓} denotes the spin component. In both
of the above-mentioned cases Ψˆi(x) is the fermionic
field-operator for either the majority (i = L) or the
impurity (i = K) atoms. The contact interspecies
interaction term of effective strength g > 0 between
a spin-↑ impurity particle and the bath is given by
HˆI = g
∫
dx Ψˆ†L(x)Ψˆ
†
↑(x)Ψˆ↑(x)ΨˆL(x) [75]. The non-
resonant interaction of the spin-↓ state with the 6Li
bath can be neglected when compared to HˆI . Moreover,
the effective interaction strength g [76] can be experi-
mentally tuned either by means of Feshbach resonances
[77] or confinement induced resonances [76]. It is
important to stress at this point that a bound state of
a Feshbach molecule occurs for all scattering lengths in
one-dimension. However it can be demonstrated [78, 79]
that its effect is negligible for repulsive interactions
sufficiently away from the infinite interaction limit such
as the ones considered herein (see also Appendix A).
We also note that in the considered few-body case it
can be shown that the effective range corrections to
the interaction term HˆI stemming from the presence
of narrow Feshbach resonances are negligible, see
Appendix B. Finally, HˆS =
~Ω0
R
2 Sˆx − ~∆2 Sˆz, where
Ω0R denotes the Rabi frequency, and ∆ the detuning
of the rf field in the absence of the 6Li bath. Here,
Sˆ =
∫
dx
∑
ab Ψˆa(x)σabΨˆb(x) is the total spin operator
while σ denotes the Pauli vector. We assume, Ω0R ≪ ωL
such that Ω0R ≪ ∆+i (∆+i denotes the location of the
resonance to the i-th state identified in the rf spectra)
thus allowing for a spectroscopic study of the polaronic
structures, see also Appendix A.
B. The Many-Body Approach
To theoretically address the impurity problem, we
use a variational method, namely the Multi Layer
Multi-Configuration Time-Dependent Hartree method
for atomic mixtures (ML-MCTDHX), that takes into
account all particle correlations [80, 81]. Such a non-
perturbative inclusion of correlations allows us to calcu-
late the impurity spectrum and thus identify the emer-
gent polaron states.
The MB wavefunction, |Ψ(t)〉MB is constructed as a
linear combination of a set of M time-dependent wave-
functions for each of the species being referred to as
species wavefunctions, |Ψσi (t)〉. Here σ ∈ {L,K}, i =
1, . . . ,M and
|Ψ(t)〉MB =
M∑
i,j=1
Aij(t)|ΨLi (t)〉|ΨKj (t)〉, (2)
where Aij(t) denote the time-dependent expansion coeffi-
cients. Equation (2) is equivalent to a truncated Schmidt
decomposition of rank M [71, 82, 83]. Indeed, the spec-
tral decomposition of the expansion coefficients Aij reads
Aij(t) =
∑M
k=1 U
−1
ik (t)
√
λk(t)Ukj(t) where
√
λk(t) refer
to the Schmidt weights. As a consequence the MB wave-
function can be written as a truncared Schmidt decom-
position i.e. |Ψ(t)〉MB =
∑M
k=1
√
λk(t)|Ψ˜Lk (t)〉|Ψ˜Kk (t)〉.
Subsequently each of the species wavefunctions is
expanded on the time-dependent number-state basis,
|~n(t)〉σ, with time-dependent weights Bσi;~n(t)
|Ψσi (t)〉 =
∑
~n
Bσi;~n(t)|~n(t)〉σ . (3)
Each time-dependent number state corresponds to
a Slater determinant of the mσ time-dependent
variationally-optimized single-particle functions (SPFs)
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FIG. 1. (Color online) Spectroscopic signal, f(∆, t), of a single impurity initialized (a) in the ground state, and (b) in the
first excited state of the harmonic oscillator for strong interspecies repulsive interactions, g = 5, verifying the existence of
well-defined quasiparticle peaks that appear in the rf spectrum. (c) Same as (a) but for two impurities. (d) Same as (c) but
for weak coupling (g = 1.5). The insets in (c), (d) present the probability of finding two spin flipped impurities. Markers in
light blue indicate the center of each resonance ∆+i .
|φσl (t)〉, l = 1, 2, . . . ,mσ with occupation numbers ~n =
(n1, . . . , nmσ). Each of the SPFs is subsequently ex-
panded in a primitive basis. For the 6Li atoms the primi-
tive basis {|k〉} consists of a discrete variable representa-
tion (DVR) of dimensionM. For 40K the primitive basis
{|k, s〉}, refers to the tensor product of a the aforemen-
tioned DVR basis for the spatial degrees of freedom and
the two-dimensional spin basis {|↑〉 , |↓〉},
|φKj (t)〉 =
M∑
k=1
∑
α={↑,↓}
CKjkα(t) |k〉 |α〉 . (4)
CKjkα(t) refer to the corresponding time-dependent ex-
pansion coefficients. Note here that each time-dependent
SPF for the 40K is a general spinor wavefunction of the
form |φKj (t)〉 =
∫
dx [χ↑j (x)Ψˆ
†
↑(x) + χ
↓
j (x)Ψˆ
†
↓(x)]|0〉 (see
also [33]). The time-evolution of the N -body wavefunc-
tion under the effect of the Hamiltonian Hˆ reduces to the
determination of the A-vector coefficients and the expan-
sion coefficients of each of the species wavefunctions and
SPFs. Those, in turn, follow the variationally obtained
ML-MCTDHX equations of motion [81]. It is impor-
tant to mention here that in order obtain the eigenstates
involving one and two polarons of the interacting MB
system we use the method of improved relaxation [81]
within ML-MCTDHX. We remark that the system in its
stationary state reduces to a binary mixture of bath and
spin-↑ atoms. In this way the general ansatz of Eq. (2)
becomes that of Eq. (8) [see also the discussion in Sec.
IV]. For a detailed discussion on this ansatz we refer the
reader to [81–83].
In the limiting case of M = 1 and mσ = Nσ
the method reduces to the two-species coupled time-
dependent Hartree-Fock method, while for the case of
M = min
[(
mL
NL
)
,
(
mK
NK
)]
, mL = M and mK = 2M, it
is equivalent to a full configuration interaction approach
(commonly referred to as “exact diagonalization” in the
literature) within the employed primitive basis. Another
important reduction of the method is the so-called species
mean-field (SMF) approximation [81, 82]. In this con-
text the entanglement between the species is ignored
while the correlations within each of the species are taken
into account. More specifically, the system’s wavefunc-
tion is described by only one species wavefunction, i.e.
|ΨLi (t)〉 = |ΨKi (t)〉 = 0 for i 6= 1. Subsequently each
species wavefunction is expressed in terms of the time-
dependent number state basis of Eq. (3) consisting of
different time-dependent variationally optimized SPFs.
As a result the total wavefunction of the system takes
the tensor product form
|Ψ(t)〉SMF = |ΨL1 (t)〉 ⊗ |ΨK1 (t)〉. (5)
III. REVERSE RADIOFREQUENCY
SPECTROSCOPY
A. Excitation Spectrum
In order to probe the excitation spectrum of the 40K
impurities we simulate reverse rf spectroscopy [15, 16, 66,
67]. This process follows the protocol explicated below.
The initial state of the system consists of the 6Li atoms
in their NL-body non-interacting ground state |ΨL(0)〉 =∏NL−1
i=0
∫
dx φLi (x)Ψˆ
†
L(x) |0〉. φLi (x) refers to the i-th en-
ergetically excited eigenstate of Hˆ0L. For NK = 1 the
40K impurity is prepared in the non-interacting spin-↓
state, and it is either in its ground state or in its first
excited state (see also the discussion below). Namely
|Ψj(0)〉 =
∫
dx φKj (x)Ψˆ
†
↓(x) |ΨL(0)〉, where j ∈ {0, 1}
while φKj (x) refer to the eigenstates of Hˆ
0
↓ . We then drive
the impurity atom to the resonantly interacting spin-↑
state, by applying a rectangular rf pulse (see also Ap-
pendix A) with bare Rabi frequency Ω0R = 4π × 10−2
(harmonic oscillator units ~ = mL = ωL = 1 are adopted
here). Our simulated spectroscopic signal presented in
Figs. 1(a), 1(b) is the fraction of impurity atoms trans-
ferred after a pulse f(∆, t) =
〈N↑〉
NK
, with 〈N↑〉 being the
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FIG. 2. (Color online) Schematic representation of the identified spectral transitions for (a), (b) NK = 1 and (c) NK = 2
40K impurities immersed in the NL = 5
6Li Fermi sea. (d) Polaron energy branches, ∆Ei(g) for the different i = |1〉 , . . . , |4〉
identified transitions (see text). (e) Residua, Zfi, of the repulsive polarons calculated for varying g and for each of the
aforementioned transitions.
number of spin flipped impurities, measured for varying
rf detuning ∆ = νrf−ν0 and pulse time t. ν0 denotes the
frequency of the non-interacting transition between the
spin-↓ and spin-↑ states and νrf is the applied frequency
(see also Appendix A).
Starting from |Ψ0(0)〉 and for fixed strong interspecies
repulsions (g = 5) we observe a resonance for ∆+|1〉 =
2.430± 0.002 [see Fig. 1(a)], possessing a Rabi frequency
ΩR = 0.1072 ± 0.0021. These values stem from fit-
ting Ω˜R(∆) =
√
(ΩR)
2
+ (∆−∆+i)2 to the simulated
rf spectra. This resonance corresponds to the lowest en-
ergetically interacting state of a spin-↑ impurity with the
6Li bath [Fig. 2(a)] verifying the existence of a repulsive
polaron in our 1D setup. Further resonances correspond-
ing to higher excited states can be identified as e.g. for
∆+ ≈ 3.6 possessing a much lower Rabi frequency. To
identify the transition that leads to the occurrence of the
above-mentioned quasiparticle peak, i.e. |Ψ0(0)〉 ↔ |1〉
schematically illustrated in Fig. 2(a), we first compute
the energy, Ei(g), (i = |1〉) for this configuration. The
resulting energy difference, ∆Ei(g) = [Ei(5)− Ei(0)] /n,
with E(0) being the energy of the initial state and n
the order of the transition, is the one that matches the
location of the observed resonance. The corresponding
polaronic energy branch shows a monotonic increase for
increasing interspecies repulsion [see the light blue line
in Fig. 2(d)], a behavior that is consistent with the ex-
perimental [16] and the theoretical predictions [18–21] in
higher dimensional settings.
As a next step we consider a single impurity being
initialized in its first excited state |Ψ1(0)〉. This is of
importance for the case of NK = 2 impurities for which
more transitions are possible. In sharp contrast to the
|Ψ0(0)〉 case, two dominant polaron peaks appear in the
rf spectrum of Fig. 1(b) centered at ∆+|2〉 = 2.152±0.001
(ΩR = 0.0899 ± 0.0012) and ∆+|3〉 = 2.688 ± 0.002
(ΩR = 0.05072 ± 0.022) respectively. These two quasi-
particle peaks occur at lower and higher values of ∆ re-
spectively, when compared to the ∆+|1〉 resonance. The
width of the resonance centered at ∆+|3〉 is significantly
sharper compared to the lower-lying one as it possesses
lower ΩR. The corresponding transitions in this case
namely |Ψ1(0)〉 ↔ |2〉, and |Ψ1(0)〉 ↔ |3〉 are shown
in Fig. 2(b). The relevant energy branches, ∆E|2〉(g),
∆E|3〉(g), for increasing g are depicted in Fig. 2(d). It
is evident that for g ≤ 1.5 all the aforementioned res-
onances except the transition |Ψ1(0)〉 ↔ |3〉, are over-
lapping since ∆E|1〉(g) ≃ ∆E|2〉(g). However, ∆E|3〉(g)
possesses a non-zero value even for g ≈ 0 as the involved
states are already distinct [Fig. 2(b)].
To probe the existence of effective interactions between
polarons we next consider the case of two 40K impuri-
ties immersed in the 6Li sea. Figure 1(c) shows the rf
spectrum for NK = 2, and g = 5. Here, three nar-
rowly spaced resonances can be observed, see the broad
structure centered around ∆ = 2.4 in Fig. 1(c). This
broadening together with an overall small upshift with
respect to the above single impurity cases, has been ar-
gued to be indicative of the presence of induced interac-
tions between the polarons [16, 68] that we will explore
below. The resonances are located at ∆+|2˜〉 = 2.195 ≈
∆E|2˜〉 (ΩR = 0.0836 ± 0.0004), ∆+|1˜〉 = 2.441 ≈ ∆E|1˜〉
(ΩR = 0.0745 ± 0.001), and ∆+|3˜〉 = 2.722 ≈ ∆E|3˜〉
(ΩR = 0.0577± 0.0005) respectively. The relevant tran-
sitions are |Ψ˜0(0)〉 ↔ |2˜〉, and |Ψ˜0(0)〉 ↔ |3˜〉 for the
outer resonances, in direct analogy with the ones found
in the single impurity case of Fig. 2(b). More impor-
tantly herein, the central resonance accounts not only
for a transition |Ψ˜0(0)〉 ↔ |1˜〉 but it also involves several
second-order processes namely |Ψ˜0(0)〉 ↔ · · · ↔ |4˜〉 and
thus corresponds to a multi-polaron state [Fig. 2(c)]. We
showcase this, by calculating the probability of finding
two particles with spin-↑ [see the inset in Fig. 1(c)]. It is
the appearance of this |4˜〉 state that leads to higher-order
transitions via the virtual occupation of |4˜〉 [Fig. 2(c)].
The observed upshift of all spectral lines is attributed
to the occurrence of this state. Strikingly enough, the
energy of this two-polaron state, ∆E|4˜〉, almost coincides
with the single polaron one, ∆E|1〉, i.e. it exhibits a devi-
ation of 1.9% which is of the same order as the observed
upshift [Fig. 2(d)]. Note that such a two-polaron reso-
nance is also present for weaker interactions located at
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FIG. 3. (Color online) Simulated spectroscopic signal F(τD) as a function of the dark time τD (see text) showcasing the
coherent oscillations of (a) the single and (b) the multi-polaron states having (a) strong (g = 5), and (b) strong and weak
interspecies repulsions. In all cases NL = 5, NK = 2.
∆+ ≈ 1.175, see Fig. 1(d) and its inset for g=1.5 [84].
Thus, increasing the number of impurities does not sig-
nificantly affect the energy of the polaron or the multi-
polaron state formed, in accordance with the absence
of a significant shift of the corresponding energy in cur-
rent experimental settings [16]. The origin of the above-
mentioned positive shift can be further attributed to the
difference between the effective and bare mass of the im-
purities [9, 16], as well as to the presence of induced inter-
actions between the polarons [56, 58, 63]. Therefore the
position of the resonance might not be an adequate ex-
perimental probe for the presence of induced interactions.
Indeed, the observed energy shift between the energy of
the single and two impurites is rather small, being of the
order of 1.9%, and therefore given the current experi-
mental resolution it might even not be easily experimen-
tally detectable. Instead as we shall demonstrate below
the spatial separation of the impurities is the relevant
quantity and can be probed by current state-of-the-art
experimental methods.
B. Residue and Lifetime of the Polaron
To further characterize the polarons we employ their
residue, Zfi, which is a measure of the overlap be-
tween the dressed polaronic state and the initial non-
interacting one after a single spin flip [25, 39]. It is im-
portant to note here that in one-dimension the quasi-
particle residue acquires a finite value for any finite NL.
Indeed, the Anderson orthogonality catastrophe occurs
only in the thermodynamic limit NL → ∞ [39, 85] ren-
dering the quasiparticle picture ill defined. We have
used two independent ways for determining Zfi. Ini-
tially, with the aid of Fermi’s golden rule, Γi→f =
2π~
(
Ω0R
)2∑
f Zfiδ (ω − ωf ), where Zfi ≡ | 〈f |Sˆx|i〉 |2,
we can deduce that the residue is related to our simu-
lated rf procedure via Zfi =
(
ΩR/Ω
0
R
)2 ≡ Zrffi [15, 16].
For the three polaron peaks identified in Fig. 1(c) the
above gives: Zrf
|Ψ˜0(0)〉|2˜〉
= 0.5107 ± 0.0136, Zrf
|Ψ˜0(0)〉|1˜〉
=
0.7277± 0.0285, and Zrf
|Ψ˜0(0)〉|3˜〉
= 0.1629 ± 0.0141. Ad-
ditionally, one can calculate the quasiparticle weight by
invoking its definition. The corresponding Zif ’s are pre-
sented in Fig. 1(e) upon varying g. For increasing g
Zif decreases being dramatically steeper for the multi-
polaron state, Z|1˜〉|4˜〉, when compared to the single po-
laron case Z|Ψ˜0(0)〉|1˜〉. This result supports the observa-
tion that polarons consist of well-defined quasiparticles
in the single impurity limit [17]. Importantly here, very
good agreement in evaluating Zfi is observed between the
two approaches as can be seen by comparing e.g. at g = 5
Z|Ψ˜0(0)〉|3˜〉 = 0.1627 shown in Fig. 2(e) to Z
rf
|Ψ˜0(0)〉|3˜〉
.
The coherence properties of the above-identified po-
larons can be directly inferred by measuring their life-
time. Due to the 1D confinement and due to the fact that
in the Hamiltonian of Eq. (1) incoherent two- and three-
body recombination processes are ignored [20, 21, 25, 39,
86], only coherent oscillations are expected and indeed
observed. Figures 3(a) and 3(b) summarize our findings
for NK = 2 both for weak and strong coupling. To obtain
these lifetimes a two-pulse rf scheme is adopted, mim-
icking the experimental procedure [15], which is briefly
outlined here [see Appendix A for details]. For a spe-
cific resonance a π-pulse is applied transferring the atoms
from their initial spin-↓ to their polaronic spin-↑ state.
Then the particles are left to evolve in the absence of an
rf field, Ω0R = 0, for a variable (dark) time, τD. After
this dark time a second π-pulse is used driving the im-
purities from the interacting (spin-↑ state) to their non-
interacting (spin-↓) state. The signature of this process
is the fraction of atoms transferred to the spin-↓ state
during the second pulse divided by the transferred atoms
during the first pulse. Namely
F(τD) =
[
f
(
π
ΩR
)
− f
(
2π
ΩR
+ τD
) ]
f
(
π
ΩR
) . (6)
Note that the presence of excitations as well as higher-
6order transitions, signify the non-adiabatic nature of this
procedure. Thus a phase difference between the distinct
polaronic states contributing to the MB wavefunction is
accumulated during the dark time leading in turn to the
observed oscillations [Fig. 3]. Evidently, for single par-
ticle transitions a dominant oscillation frequency can be
deduced [Fig. 3(a)], whereas multiple ones occur in the
corresponding two-polaron case [Fig. 3(b)] due to the vir-
tual occupation of the |4˜〉 state.
IV. ENTANGLEMENT AND INDUCED
INTERACTIONS
To unravel the entangled nature of both the single and
the two-polaron states we next invoke the von-Neumann
entropy [71]. It is important to stress here that the pola-
ronic states refer to stationary states of the binary mix-
ture consisting of bath and spin-↑ atoms. For this bi-
nary system (σ = L, ↑) the von-Neumann entropy reads
Si = −Trσ [ρσ log (ρσ)], with ρσ = −Trσ′ [|Ψ〉 〈Ψ|] being
the species density matrix. In Fig. 4(a) Si is shown for
all of the above transitions, namely i = |1〉 , . . . , |4˜〉, as a
function of the coupling strength. In all cases a mono-
tonic increase of Si is observed when entering deeper
into the repulsive regime. Strikingly enough, the entropy
is found to be significant not only for the two-polaron
state but also for the single polaron ones suggesting that
these quasiparticles are in general entangled. However
notice the deviation between the single (S|1〉) and the
two-polaron state (S|4˜〉) which is of the order of 20% for
large repulsions.
Turning our attention to the two-polaron state, we
aim to reveal the presence of induced interactions. As
discussed above one cannot necessarily infer about the
latter by solely considering the energies. Therefore we
employ the relative distance between the two 40K impu-
rities that constitute the multi-polaron state for variable
g. The relative distance reads
〈r12〉 =∫
dx1dx2|x1 − x2| 〈Ψ|Ψˆ†↑(x1)Ψˆ†↑(x2)Ψˆ↑(x2)Ψˆ↑(x1)|Ψ〉
〈Ψ|Nˆ↑
(
Nˆ↑ − 1
)
|Ψ〉
,
(7)
where Ψˆ↑(x1) denotes the fermionic field operator that
annihilates a fermion at position x1. Nˆ↑ is the num-
ber operator that measures the number of fermions re-
siding in the spin-↑ state. Such a quantity can be
directly probed experimentally by performing in-situ
spin-resolved single-shot measurements on the ↑-state of
40K [69]. Each image offers an estimate of the relative
distance between the polarons provided that the posi-
tion uncertainty is relatively low [69]. Then 〈r12〉 is ob-
tained by averaging over several such images. Evidently
[see Fig. 4(b)] stronger repulsions result in a significant
decrease of 〈r12〉 that drops to almost half of its initial
value for g ≥ 5. In this way, 〈r12〉 clearly captures the
manifestation of attractive induced interactions present
in the system saturating for even larger g [see the inset
in Fig. 4(b)]. As shown in Fig. 4 (b) this behaviour
of 〈r12〉 holds equally for larger particle numbers of the
bath, i.e. NL = 8, and different atomic species, e.g. a
6Li-173Yb mixture possessing ωY b = 0.125 ωL [87, 88].
This indicates that 〈r12〉 captures the presence of in-
duced interactions independently of the specifics of the
atomic mixture. It becomes also apparent that heav-
ier impurities lead to even stronger attraction emerging
from drastically smaller interactions. Most importantly,
by calculating 〈r12〉 in the non-entangled SMF approxi-
mation [see also Eq. (5)], it can be clearly deduced that
its shape, being much smoother in the MB approach
[Fig. 4(b)], bears information regarding the generation
of entanglement [see also our discussion below]. Recall
that in this latter SMF case the wavefunction ansatz as-
sumes the form |Ψ〉SMF = |Ψ˜L〉⊗|Ψ˜↑〉, which is the most
general ansatz that excludes entanglement but includes
intraspecies correlations.
Therefore, 〈r12〉 is indicative of the generation of en-
tanglement, as dictated by the growth rate of Si for vary-
ing g, in MB systems. Indeed, the relation between the
generation of entanglement and the 〈r12〉 can be under-
stood as follows. In order to connect the relative distance
with the generation of entanglement we must first recall
that the system under consideration is a bipartite com-
posite system whose MB wavefunction, |Ψ〉MB, can be
expressed in terms of the truncated Schmidt decomposi-
tion of rank M as
|Ψ〉MB =
M∑
k=1
√
λk |Ψ˜Lk 〉 |Ψ˜↑k〉 . (8)
Here |Ψ˜Lk 〉 and |Ψ˜↑k〉 denote the species wavefunction of
the bath and the impurity respectively. The weights λk
in decreasing order are referred to as the natural occu-
pations of the k-th species function, and
√
λk |Ψ˜Lk 〉 |Ψ˜↑k〉
denotes the k-th mode of entanglement. Then the expec-
tation value 〈r12〉 in terms of the Schmidt coefficients λk
reads
〈r12〉 =
M∑
k=1
λk
∫
dx1dx2 |x1 − x2|×
〈Ψˆ↑k|Ψˆ†↑(x1)Ψˆ†↑(x2)Ψˆ↑(x2)Ψˆ↑(x1)|Ψˆ↑k〉
〈Ψ|Nˆ↑
(
Nˆ↑ − 1
)
|Ψ〉
≡
M∑
k=1
λk(t)〈r12〉k.
(9)
It becomes apparent by the above expression that the
interplay of two different quantities has to be taken into
account in order to extract the dominant contribution
that leads to the final shape of 〈r12〉 when including all
the relevant correlations. Namely the Schmidt weights,
λk, and the two-body correlator 〈r12〉k of the k-th mode
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FIG. 4. (Color online) (a) Von-Neumann entropy, Si, upon varying the interspecies repulsion for all the identified, i =
|1〉 , . . . , |4˜〉, transitions of Fig. 2(c). (b) Relative distance, 〈r12〉, between the polarons in the multi-polaron state (see text)
dictating the presence of induced interactions both in the SMF and the MB case (see legend and text). The inset illustrates
〈r12〉 within the MB case for larger repulsions. (c) Relative distance calculated for the distinct modes of entanglement, λk〈r12〉k
(with k = 1, 2, 3), in the multi-polaron case for increasing interspecies repulsion g. (d) Cumulative von-Neumann entropy upon
consecutively adding species functions i.e. M = 1, . . . , 15 until the MB result is reached. In (c), (d) both the MB and the SMF
results are illustrated (see legend), while the findings correspond to the case of a 6Li-40K mixture consisting of NL = 5 and
NK = 2 particles.
of entanglement. In Fig. 4 (c) λk〈r12〉k is illustrated
for each of the first three individual species functions
k = 1, 2, 3, and for the case of a 6Li-40K mixture con-
sisting of NL = 5, NK = 2 fermions. Also in the same
figure we have included the corresponding full MB result
depicted with the dashed dotted black line, as well as
the relevant outcome in the non-entangled SMF case [see
the dashed black line in Fig. 4 (c)]. Notice the abrupt
decrease of 〈r12〉 in the SMF case when compared to the
much smoother decay observed in the presence of entan-
glement. It is exactly this comparison of the MB outcome
to the SMF one which reveals that the relative distance
itself via its shape bears information regarding the gener-
ation of entanglement in the system. Additionally, as can
be clearly deduced from this figure the dominant contri-
bution to the final shape of 〈r12〉 stems from λ1〈r12〉1 [see
solid blue line in Fig. 4 (c)] which corresponds to the first
mode of entanglement. It is important to note here, that
the form of this dominant mode, λ1〈r12〉1, in the MB case
is greatly altered when compared to the non-entangled,
〈r12〉SMF , case. Therefore it becomes apparent that be-
sides this dominant contribution also higher order modes
of entanglement weighted by λ2, λ3, . . . are significant in
retrieving the MB outcome indicating the strongly en-
tangled nature of the system.
Turning to the von-Neumann entropy recall that the
latter can be written in terms of the Schmidt coefficients
as follows: SM = −
∑M
k=1 λk logλk. The corresponding
S|4˜〉 ≡ SM upon consecutively adding higher order con-
tributions is shown in Fig. 4 (d). Indeed inspecting Fig. 4
(d) it becomes evident that in order to retrieve the full
MB result the higher-lying Schmidt coefficients, namely
k > 1, are the ones that predominantly contribute to the
final shape of SM . This result is in sharp contrast to the
behavior of the relative distance which is mainly deter-
mined by the first mode of entanglement characterized
by the leading order Schmidt coefficient, namely the λ1.
Notice also that in the same figure we have included the
corresponding SMF result [see the dashed black line in
Fig. 4 (d)] just to showcase that in this case the von-
Neumann entropy is zero due to the absence of entangle-
ment.
It becomes evident by the above discussion that both
the von-Neumann entropy and the relative distance dic-
tate the generation of entanglement in the MB system
but by taking into account different contributions. Ad-
ditionally, since both quantities are given in terms of
the Schmidt coefficients being subject to the constraint
1− λ1 =
∑M
i=2 λi, when ∆r12(g) = 〈r12〉MB − 〈r12〉SMF
is finite then also ∆SM (g) = SMMB − SSMF is finite.
Moreover, SM (g) is used to showcase that polarons are
indeed entangled with their environment. However, since
SM cannot be measured experimentally, one can infer
about the generation of entanglement in the MB system
via the shape of 〈r12〉 which can be probed via in-situ
spin-resolved single-shot measurements that are nowdays
available [69]. It is also worth commenting at this point
that the above results can be generalized to any type of
mixture not necessarily a fermionic one.
V. CONCLUSIONS
We have investigated the existence and emergent prop-
erties of single and multiple repulsive polarons in 1D har-
monically confined fermionic mixtures both for weak and
strong interspecies interactions. In particular, we have
simulated the corresponding experimental process of ra-
diofrequency spectroscopy using different fermionic mix-
tures consisting of a single or two impurities coupled to
a few-body Fermi sea. Analysing the obtained radiofre-
quency excitation spectrum it is indeed shown that these
impurities accumulate polaronic properties. Most impor-
tantly, we identify all dominant microscopic mechanisms
that lead to the polaron formation. We verify that by
increasing the number of impurities immersed in a bath
with fixed particle number both single and multi-polaron
states occur independently of the interaction strength.
8The corresponding polaronic states are characterized by
extracting their residua and lifetimes. We find that the
residue exhibits a decreasing tendency for increasing in-
terspecies interaction strengths. This decrease is found to
be much more prominent for a multi-polaron than a sin-
gle polaron state. On the other hand the spectroscopic
signal shows an oscillatory behavior with variable dark
time indicating the longevity of the polarons.
Turning to the induced interactions between the po-
larons we show that their presence is first dictated by a
positive resonance shift in the radiofrequency spectrum
accompanied by a consequent spectral broadening. This
latter finding is in accordance with the recent experimen-
tal observations in three-dimensional setups. However,
the above-mentioned shift possesses a small amplitude,
being of the order of 2%. This implies that in order to
infer about the presence of induced interactions an alter-
native measure is needed. Our alternative measure for
probing the presence of induced interactions is the rela-
tive distance between the polarons. It can be experimen-
tally probed via in-situ spin-resolved single-shot measure-
ments. Attractive induced interactions are indeed cap-
tured by this quantity and shown to persist upon enlarg-
ing the fermionic sea or considering different fermionic
species. The shape of the relative distance for increas-
ing interspecies interactions is found to be also indicative
of the presence of entanglement in the MB system. To
quantify the degree of entanglement between the impu-
rity and the bath we resort to the von-Neumann entropy
which acquires finite values and in particular increases
for larger interactions. The degree of entanglement is
found to be crucial for the case of a single and for two
impurities, being larger in the latter case.
Our investigation of strongly correlated 1D repulsive
fermi polarons and multi-polaron states opens up the pos-
sibility of further studies of quantum impurities in lower
dimensional settings. In particular a straightforward ex-
tension of our results would be to consider bosonic or
fermionic impurities of the same or higher concentration
in a bosonic bath and study the consequent formation
of quasiparticles. An imperative prospect would be to
examine the existence and properties of such quasiparti-
cle states in the 1D to the 3D crossover, an investigation
that calls for further experimental studies. Another in-
teresting direction is to unravel the few-to-many-body
crossover regarding the size of the bath in order to reveal
its impact on the emergent polaronic properties. Cer-
tainly the study of dressed impurities in the strongly in-
teracting regime where the polaron picture is expected
to break down is an intriguing prespective.
Appendix A: Details of the Reverse Radiofrequency
Spectroscopy
The purpose of this section is to elaborate on the model
that allows for the simulation of radiofrequency (rf) spec-
troscopy [15, 16]. The latter has been employed in the
main text for the identification of the polaronic reso-
nances and the subsequent characterization of their co-
herence properties.
In our case few 40K atoms are immersed in an envi-
ronment consisting of 6Li atoms close to an interspecies
magnetic Feshbach resonance (FR) [77]. Such resonances
occur at magnetic fields of the order of 100 G [72, 73, 89],
where the ground state of 40K atoms, |2S1/2;F = 92 〉, ex-
periences a sizeable quadratic Zeeman shift [90]. This
Zeeman shift allows us to address selectively the distinct
mF transitions provided that the employed intensity of
the rf pulse results in a Rabi frequency ΩR much smaller
than the Zeeman splitting of the involved hyperfine lev-
els. In this work we consider two such hyperfine levels of
40K denoted as |↑〉, |↓〉 that can be identified and reso-
nantly coupled for a rf photon frequency ν0, correspond-
ing to the Zeeman splitting between the two levels, in
the absence of a 6Li bath. In such a case, it suffices to
treat the 40K atoms as two-level systems. As the atoms
are confined within a harmonic potential each of the hy-
perfine levels is further divided into states of different
atomic motion. The average spacing between these sub-
levels corresponds to the harmonic trap frequency, ωK
being of the order of kHz in typical few-atom experi-
ments [40, 78, 91]. In the vicinity of a Feshbach reso-
nance the energy of these sublevels strongly depends on
the interspecies interaction strength g between the 40K
atoms in the resonantly-interacting hyperfine state and
the 6Li environment. Accordingly the energy of each mo-
tional state shifts by ∆+(g), from the corresponding non-
interacting one. In few-atom experiments this shift is of
the order of the trapping frequency (∼ kHz).
Figure 5 (a) schematically demonstrates the rf spectral
lines in the case of NK = 2, including resonant interac-
tions between the |↑〉 particles and the 6Li environment.
Three well-separated energy level manifolds occur corre-
sponding to the different configurations of N↑ and N↓,
with N↑ +N↓ = NK , separated by the Zeeman splitting
ν0. Each of these manifolds exhibits a substructure of dif-
ferent energy levels of atomic motion. For the configura-
tion N↑ = 0 and N↓ = 2 this substructure is interaction-
independent in sharp contrast to the N↑ = 1, N↓ = 1 and
N↑ = 2, N↓ = 0 configurations as the |↓〉 atoms do not in-
teract with neither the |↑〉 40K or the 6Li atoms. Reverse
rf spectroscopy can be employed to identify these inter-
action energy shifts provided that the Rabi frequency
satisfies ΩR < ∆+ ∼ kHz. This allows us to invoke the
rotating wave approximation as ΩR ∼ kHz ≪ ν0 ∼ 10
MHz. Employing this approximation the Hamiltonian
for the internal state of the 40K atoms, in the interaction
picture of the ↑↓ transition, reads HˆS = −~∆2 Sˆz+
~Ω0
R
2 Sˆx.
The latter is exactly the form employed in the main text.
Ω0R and ∆ refer to the Rabi frequency and detuning with
respect to the resonance of the ↑↓ transition at g = 0. We
remark that the |↑〉 and |↓〉 states in the Schro¨dinger and
interaction pictures are equivalent, so our conclusions are
invariant under this frame transformation.
One-dimensional (1D) ensembles offer a clean realiza-
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FIG. 5. (a) Schematic representation of the involved rf levels for NK = 2
40K atoms coupled to a 6Li bath near an interspecies
FR at B ∼ 100G. (b) Intensity I of the employed rf pulse and (c) expected time-evolution of the excited fraction f for the
detection of polaronic resonances. (d), (e) same as (b), (c) respectively but for the protocol that probes the coherence properties
of the polaronic branch.
tion of few-body rf spectroscopy as the existing bound
state of a Feshbach molecule possesses a binding energy
of the order of ǫb = −2 ~ω⊥ [92] at the confinement-
induced resonance, i.e. g1D →∞. Since current state-of-
the-art few-body 1D experiments have been consistently
described by pure 1D models [78, 79] the effect of the
bound state for repulsive interactions sufficiently below
the g1D →∞ regime is negligible. Indeed in order to en-
sure the validity of the 1D description ω⊥ ≫ NωL must
hold, where N denotes the total particle number. In the
worst case scenario considered in the main text, namely
that of NL = 8, and NK = 2, and in particular when
ω⊥ = NωL then ǫb ≈ −20 ~ ωL. However, the detuning
parameter, ∆, used herein is maximally 4 ~ ωL. There-
fore it lies far below the above threshold of |ǫb|. The same
line of argumentation holds for the corresponding binding
energy at the magnetic FR where ǫb = −0.606 ~ ω⊥ [92].
Additionally, few-body systems involve low-densities thus
drastically reducing the incoherent processes such as two-
and three-body recombination and resulting in increased
coherence times. The above allows us to assume a co-
herent evolution during the simulated experimental se-
quence.
To identify the resonances corresponding to polaronic
states we employ the rf pulse shape depicted in Fig. 5 (b).
The system is initialized in the non-interacting ground
state where the 40K atoms are spin-polarized in their |↓〉
state and a rectangular pulse of frequency ν, and detun-
ing ∆ is employed. This pulse is further characterized by
an exposure time t and a Rabi-frequency Ω0R. Different
realizations utilize different detunings ∆ but the same t
and Ω0R. In the duration of the pulse the system under-
goes Rabi-oscillations [see Fig. 5(c)] whenever the detun-
ing ∆ is close to a resonance ∆ ≈ ∆+. The employed
spectroscopic signal is the fraction of atoms transferred
to the |↑〉 hyperfine state, namely f(∆, t) = 〈N↑〉NK . We
remark that different pulse shapes have been simulated
e.g. Gaussian-shaped pulses, which do not alter the pre-
sented results. To infer about the coherence properties
of the polaronic states we employ a Ramsey like process,
see Fig. 5 (d). Initially, we prepare the system in the
same non-interacting ground state as in the previously
examined protocol and apply a rectangular π-pulse on a
polaronic resonance. This sequence transfers the atoms
from the ground state to the polaronic state in an ef-
ficient manner. Then we let the system evolve in the
absence of rf fields, Ω0R = 0, for a dark time, τD. Fi-
nally, we apply a second π-pulse identical to the first one
to transfer the atoms from the polaronic to the initial
ground state. The spectroscopic signal is the fraction of
atoms that have been excited to the polaronic branch
by the first pulse and subsequently deexcited by the sec-
ond one divided by the total number of excited atoms,
F(τD) = f(π/ΩR)−f(2π/ΩR+τD)f(π/ΩR) , see also Fig. 5 (e).
Appendix B: Effective Range Corrections
Below we briefly discuss the applicability of the Hamil-
tonian employed in the current work (see Eq.(1) in the
main text). Notice that this model Hamiltonian assumes
that contact interactions dominate the dynamics, ignor-
ing effective range corrections. It is well-known that a
6Li-40Kmixture features narrow FR [73] with the broader
ones being at 114 G [72] and 155 G [15] magnetic field
respectively. Among these two resonances the former has
been suggested as the most promising and at the same
time experimentally feasible that can be used to reach the
universal regime being s-wave dominated and satisfying
the condition kFR
∗ ≪ 1 [72]. Here, kF =
√
2mNωL
~
is the
Fermi momentum where m, N is the mass and particle
number of the relevant component while R∗ is the range
parameter. In contrast, the latter FR which is also the
narrower of the two, suffers from effective range correc-
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FIG. 6. (a) Energy of the polaron for increasing particle number of the bath NL at various values of the Lieb-Liniger parameter
γ (see legend). One-body density of the ground state of each species (see legend) at the noninteracting limit, g = 0, for the
case of (b) NL = 3, NK = 1 and (c) NL = 4, NK = 1.
Effective range
Number of particles (kFR
∗)6Li (kFR
∗)40K
N=1 0.0426 0.0852
N=2 0.0603 0.1206
N=5 0.0953 0.1906
N=8 0.1205 0.241
TABLE I. Effective range parameter, kFR
∗, calculated for a
6Li-40K mixture showcasing the validity of the single-channel
1D model Hamiltonian used in the main text. The experi-
mental axial trapping frequency is ω‖ ≡ ωL = 2pi×75Hz [69],
and the range parameter at resonance reads R∗ = 2700 ×
5.29× 10−11m [15]. Note also that mL = 6× 1.66× 10
−27 kg
and mK = 40/6 mL.
tions that in turn alter the physics of polarons [15] result-
ing in enhanced lifetimes of these repulsive states. In or-
der to showcase that the model Hamiltonian used herein
accurately describes the dynamics of repulsive fermi po-
larons below we provide estimates of the effective range
parameter kFR
∗ for the narrower FR at 155 G, and for all
the cases investigated in the main text. Our results are
summarized in Table I. In particular, in order to calcu-
late the effective range correction kFR
∗ for the different
cases studied in this work, we use as a range parameter
R∗ = 2700× 5.29× 10−11 m [15], and as a characteristic
axial trapping frequency ω‖ ≡ ωL = 2π×75 Hz [69]. Note
also that mL = 6× 1.66× 10−27 kg and mK = 40/6 mL.
As it can be clearly seen in all cases of interest here
[see the boldface values in Table I], kFR
∗ is sufficiently
smaller than unity. The latter verifies the applicability
of the model used and thus the universal behavior, by
means of a negligible R∗, of the physics addressed herein.
Finally, we remark that for the second fermionic mixture
considered in this work, namely the 6Li-173Yb one, it is
predicted that such a mixture features broad FRs and
thus the model Hamiltonian used again accurately de-
scribes the polaron dynamics [87].
Appendix C: Polaron Energy versus the particle
number of the bath
Let us investigate the behavior of the polaron energy
while approaching the MB limit by increasing the num-
ber of the bath particles NL. It is known [40] that the
polaron energy scales proportionally to the square root
of the bath particle number, i.e. ∆E|1〉(g) = E|1〉(g) −
E|Ψ0(0)〉(g) ∝
√
NL. Here, E|1〉(g) [E|Ψ0(0)〉] denotes the
ground state energy of the interacting [noninteracting]
(NL+1)-body system. In order to obtain a non-divergent
polaron energy ∆E|1〉(g) for NL →∞ we rescale it with
the corresponding Fermi energy EF = NL~ωL. Note that
in the presence of a harmonic trap EF refers to the en-
ergy of the energetically lowest unoccupied single-particle
eigenstate [40]. Therefore, the rescaled polaron energy is
proportional to ∆E|1〉/EF ∝ 1/
√
NL. Moreover, in or-
der to obtain a dimensionless interaction parameter that
scales similarly to the polaron energy with respect to NL
we define the so-called Lieb-Liniger parameter γ = πmg
~2kF
,
where kF =
√
2mLEF /~ is the Fermi momentum. The
interaction interval used in the main text is 0 < g < 5
which corresponds to 0 < γ < 3π2 .
To provide some representative examples of the con-
vergence of ∆E|1〉/EF for increasing NL and fixed γ we
choose the values γ = π4 ,
π
2 , π, see Fig. 6 (a). As it
can be seen, for NL ≥ 5 the polaron energy exhibits a
saturated behavior. The latter observation essentially
indicates that the particle number of the bath NL = 5
captures adequately the behavior of the Fermi polaron
at the MB level. On the other hand, for smaller particle
numbers i.e. NL ≤ 4 we observe that ∆E|1〉/EF depends
strongly on NL. This effect can be attributed to the be-
havior of the one-body density of the bath which exhibits
a local maximum (minimum) in the vicinity of x = 0 for
an odd (even) particle number NL. Since the impurity
is localized around x = 0 the scaled interaction energy is
larger for an odd compared to an even particle number of
the bath. To provide a concrete example in Figs. 6 (b),
(c) we demonstrate the ground state one-body densities
of each species at the noninteracting limit for the systems
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FIG. 7. Relative difference of the spectroscopic signal f(∆, t) between various orbital configurations C and C′ (see legend)
with respect to the pulse time t. The corresponding rf-detuning is (a) ∆ = 2.2 and (b) ∆ = 2.5. The system consists of NL = 5
and NK = 2 atoms, while the interspecies interaction strength is g = 5.
NL = 3, NK = 1 and NL = 4, NL = 1 respectively. We
observe that in the case of NL = 3, NK = 1 the densities
of the 6Li and 40K possess a larger spatial overlap com-
pared to the case of NL = 4, NK = 1. As a consequence
the corresponding interaction energy between the species
is larger for NL = 3 than the NL = 4 system. In turn,
this explains the larger rescaled energy of the polaron in
the case of an odd than an even particle number of the
bath.
Appendix D: Remarks on The Many-Body
numerical method: ML-MCTDHX
To address the MB dynamics during rf spectroscopy
we rely on the Multi-Layer Multi-Configuration Time-
Dependent Hartree method for Atomic Mixtures [81]
(ML-MCTDHX). The main distinctive features of the
employed method are outlined below. First, within ML-
MCTDHX the total MB wavefunction is expanded with
respect to a time-dependent and variationally optimized
MB basis. This allows us to achieve convergence by em-
ploying a drastically reduced number of time-dependent
basis states compared to methods relying on a time-
independent basis. Second, the symmetry of the atomic
species being either bosonic or fermionic is explicitly em-
ployed by considering the expansion of the MB wavefunc-
tion in terms of the number-states spanned by the un-
derlying time-dependent basis. Finally, the multi-layer
ansatz for the total wavefunction is based on a coarse-
graining cascade, where strongly correlated degrees of
freedom are grouped together and treated as subsystems
mutually coupling to each other. The latter enables us to
tailor the employed MB wavefunction ansatz according to
the specific intra- and inter-species correlation patterns
emanating in different setups. The latter renders ML-
MCTDHX a versatile tool for simulating the dynamics
of multispecies systems. In particular this work employs
a reduction of the ML-MCTDHX method for mixtures
of two fermionic species one of which possesses an addi-
tional spin-1/2 degree of freedom.
For our implementation we have used a harmonic os-
cillator DVR, resulting after a unitary transformation
of the commonly employed basis of harmonic oscillator
eigenfunctions, as a primitive basis for the spatial part
of the SPFs. To study the dynamics of the spinor sys-
tem we propagate the wavefunction of Eq. (2) by utilizing
the appropriate Hamiltonian within the ML-MCTDHX
equations of motion.
To infer about convergence we demand that all the
observables of interest (f , F) do not change within a
given relative accuracy (see also below). In order to
achieve the above criterion we increase the DVR basis
states, M, as well as the number of species wavefunc-
tions, M , and SPFs mσ (with σ = A,B denoting each of
the species). More specifically, for the two different mix-
tures presented in the main text namely the 6Li-40K and
the 6Li-173Yb mixture the number of grid points used
areM = 80 andM = 150 respectively. Additionally, for
the cases investigated in the main text i.e. NL = 5 and
NK = 1, NL = 5 and NK = 2, NL = 8 and NK = 2,
and NL = 5 and NY b = 2, the corresponding configura-
tions satisfying the aforementioned convergence criterion
are C = (6; 10; 6), C = (15; 12; 8), C = (14; 14; 8) and
C = (15; 10; 10) respectively. The orbital configuration
C follows the notation C = (M ;mA;mB). It is impor-
tant to note here that e.g. for the case of NL = 5 and
NK = 1, with C = (6; 10; 6) the truncated Hilbert space
for the corresponding rf simulation involves 2864 coef-
ficients, while for an exact diagonalization treatment it
would require the inclusion of 1.9232 × 109 coefficients
rendering the latter simulation infeasible. The same re-
sult also holds for all the cases explored in the main text.
E.g. for NL = 5 and NK = 2 with C = (15; 12; 8) the
inclusion of 14.125 coefficients is needed within the ML-
MCTDHX approach, while the number of coefficients
that should be taken into account using exact diago-
nalization is 7.5966 × 1010. Finally, for the 6Li-173Yb
mixture with NL = 5, NY b = 2 and C = (15; 10; 10)
the corresponding coefficients within ML-MCTDHX are
12
7680 while the inclusion of 6.6111 × 1012 coefficients is
needed for a full configuration interaction treatment.
Finally, let us also briefly showcase the numerical con-
vergence of our results with respect to an increasing
number of species functions M . We employ e.g. the
time-evolution of the spectroscopic signal, f(∆, t)C , at
a certain rf-detuning ∆ for the system consisting of
NL = 5 and NK = 2 fermions. To infer about con-
vergence we calculate the deviation of f(∆, t)C′ between
the C′ = (15; 12; 8) and other numerical configurations
C = (M ; 12; 8), namely
δf(∆, t)C,C′ = f(∆, t)C′ − f(∆, t)C . (D1)
Figure 7 presents δf(∆, t)C,C′ for the case of NL = 5
and NK = 2 at g = 5 when considering a pulse charac-
terized by a detuning ∆ = 2.2 and ∆ = 2.5 respectively.
Recall that these values of ∆ lie in the vicinity of the
first two energetically lowest lying resonances of the rf
spectrum discussed in the main text, see also Fig. 1
(c). Evidently, a systematic convergence of δf(∆, t)C,C′
is achieved for both ∆ = 2.2 and ∆ = 2.5. For in-
stance, comparing δf(∆, t)C,C′ at ∆ = 2.2 between the
C′ = (15; 12; 8) and C = (14; 12; 8) [C = (10; 12; 8)] ap-
proximations we can infer that the corresponding rela-
tive difference lies below 0.01% [0.1%] throughout the
evolution, see Fig. 7 (a). Also, as illustrated in Fig. 7
(b) for ∆ = 2.5 the corresponding δf(∆, t)C,C′ between
the configurations C′ = (15; 12; 8) and C = (14; 12; 8)
[C = (10; 12; 8)] shows a deviation which reaches a max-
imum value of the order of 0.15% [0.4%] at large pulse
times. Finally, we note that a similar analysis has been
performed for all other rf-detunings ∆ and interspecies
interaction strengths shown in the main text and found
to be converged (results not shown here for brevity).
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